Introduction
============

The term "opioids" refer to natural, semisynthetic, and synthetic compounds with an endogenous origin which interact with opioid receptors.[@b1-dddt-12-3785] Opiate abuse and dependence is a complex, multidimensional problem which influences different groups of people and communities.[@b2-dddt-12-3785] Its main pharmacological effects include mood changes, agitation, drowsiness, confusional state, fear, insomnia, hallucinations, sedation, respiratory depression, motor incoordination, sweating, euphoria, dysphoria, vomiting, and addiction.[@b3-dddt-12-3785],[@b4-dddt-12-3785] To date, opioid agonist therapy with either methadone (MET), buprenorphine, or naltrexone is known to be the most effective treatment for opioid addiction.[@b5-dddt-12-3785],[@b6-dddt-12-3785] In comparison with other opioids, MET has useful characteristics including simple route of administration, large oral bioavailability, and a long half-life (an initial half-life of 12--24 hours and a secondary half-life of 55 hours) making outpatient management feasible.[@b6-dddt-12-3785],[@b7-dddt-12-3785] Overall, MET is widely used as the first-line replacement therapy for the treatment of opiate-dependent patients.[@b8-dddt-12-3785]

MET is an opioid of diphenylheptylamine class which is similar in its physiological and analgesic attributes to opium but is not euphoric. It was first developed during World War II and its usefulness in controlling addiction was discovered in the 1960s.[@b9-dddt-12-3785],[@b10-dddt-12-3785] MET has both opioid and non-opioid-related effects: 1) it is the unique effective medication in preventing opioid withdrawal; it binds primarily as full agonist to the opioid receptors and removes or minimizes withdrawal symptoms and thus reduces reliance on heroin;[@b9-dddt-12-3785]--[@b11-dddt-12-3785] 2) it has also proved effective in treating hyperalgesia and neuropathic pain as an N-methyl-D-aspartate receptor; and 3) it may have an antidepressant effect since it inhibits the reuptake of noradrenalin and serotonin.[@b12-dddt-12-3785]--[@b15-dddt-12-3785]

MET is taken orally and readily absorbed from the gastrointestinal tract with peak plasma concentrations reaching within 2.5--4.4 hours.[@b16-dddt-12-3785] It is metabolized in the liver and small intestine by several isoforms of CYP/CYP450, and its metabolite is secreted in urine and also (less than 5%) in feces.[@b1-dddt-12-3785],[@b16-dddt-12-3785] Although MET therapy is generally considered to be safe, excessive consumption has been associated with a considerable rise in toxicity and adverse events on memory, information processing, and executive functions.[@b17-dddt-12-3785],[@b18-dddt-12-3785] There is a widely held assumption about the adverse effects of MET on liver dysfunction. Some studies have confirmed such adverse effects on patients receiving MET,[@b19-dddt-12-3785],[@b20-dddt-12-3785] while no evidence regarding the effects of MET on liver toxicity has been found in others.[@b21-dddt-12-3785],[@b22-dddt-12-3785]

The most important diagnostic liver enzymes are alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP), which are commonly found in liver cells and released into the bloodstream when the liver is damaged.[@b23-dddt-12-3785] In this situation, the levels of hepatic enzymes rise, with these events mostly observed in hepatocellular damage such as alcohol hepatotoxicity and viral hepatitis.[@b23-dddt-12-3785],[@b24-dddt-12-3785]

The results of various studies have suggested that the immune system is weakened and malfunctions during narcotic use as well as during MET-based addiction withdrawal.[@b25-dddt-12-3785] Narcotics can influence opioid receptors extant in lymphocytes and macrophages directly or the central nervous system (CNS) indirectly, thereby affecting the immune system's reactions.[@b26-dddt-12-3785],[@b27-dddt-12-3785] Cytokines, which are small proteins acting as the immune system transmitters and causing inflammatory and immunity reactions, are influenced by these substances.[@b28-dddt-12-3785],[@b29-dddt-12-3785] Various studies have reported that narcotics use causes secretion of various proinflammatory cytokines including tumor necrosis factor-alpha (TNF-α) and interlukin-6 (IL-6).[@b30-dddt-12-3785] The expression of these cytokines demonstrates the prolonged use of narcotics which has brought about inflammation represented by production of inflammatory factors.[@b31-dddt-12-3785]

MET can induce biochemical alterations, which may be of major interest in understanding potential toxic effects.[@b1-dddt-12-3785] With increasing numbers of physicians prescribing MET to patients and high prevalence of MET, it should be determined whether MET poses any significant risk of hepatotoxicity. Thus, we designed this study to investigate the effect of MET on serum levels of liver enzymes (AST, ALT, and ALP) as well as the level of some inflammatory markers (IL-6, TNF-α, and C-reactive protein \[CRP\]) and to examine histological hepatic damage in male Wistar rats.

Materials and methods
=====================

Animals' grouping and treatment
-------------------------------

Mature male Wistar rats with an average weight of 200±20 g were used to perform this empirical research. The animals were kept under standard light, temperature, and humidity conditions in special cages with temperatures equal to 25°C±2°C and a 12-hour light/dark cycle. They were sufficiently nourished with special compact foodstuff and water. The animals were subjected to the abovementioned conditions 1 week before the beginning of the study so that they could become more adapted to the laboratory environment.

Twenty-four mature male Wistar rats were assigned into four groups, each comprising six rats, who were subjected to 8 weeks of experimental protocol. The present study benefited from gavage method and the animals were administered with specific foodstuff as explained below: Group 1 (control): only received an ordinary daily dietary regime.Group 2: received an ordinary daily dietary regime and MET syrup at 5 mg/kg of body weight.Group 3: received an ordinary daily dietary regime and MET syrup at 20 mg/kg of body weight.Group 4: received an ordinary daily dietary regime and MET syrup at 40 mg/kg of body weight.

MET syrup was purchased from Daru Pakhsh Company (methadone 25 mg/5 mL of 250 mL syrup; Darou Pakhsh Holding Co., Tehran, Iran). and the animals were gavage-fed on MET syrup on a daily basis for the aforementioned dosages. To establish identical conditions for the control group and the experimental groups 1--3, the control group was gavage-fed on 2 cc of the drug solvent every day. The treatment lasted for 8 weeks.

Hepatic enzyme levels and inflammatory markers' measurement
-----------------------------------------------------------

The animals were kept starved for 12 hours before initiating the administration of the dietary regimes as well as after the termination of the study period. Then, blood samples were collected twice (once at the onset of the study at which time blood samples were collected from saphenous vein and another time at the end of the study at which time blood samples were directly taken from the animals' hearts) from all of the rats to measure the intended enzyme levels and markers: once on the first day of treatment initiation and another time at the end of the eighth week. The collected blood samples were kept in serum separation tubes at laboratory temperature for 20 minutes to allow coagulation to take place. Next, serum separation was performed at 2,000 rpm, following which the specimens were centrifuged for 10 minutes. Auto-Analyzer (Technico RA-1000) device was utilized to assess the hepatic enzyme levels (ALT, AST, and ALP) and inflammatory markers (IL-6, TNF-α, and CRP).

Histological investigations
---------------------------

Twelve hours after initiating the treatment and collecting the blood samples, the animals were anesthetized using ether and their livers were removed and kept and fixed in 10% formalin solution to be subjected to histological examinations. The hepatic tissue was fixed in formalin solution to be dehydrated in consecutive stages using ethanol and after that it was molded in 3.5% agarose. The tissue embedded blocks were fixed on a tissue slicing device (microtome). Also, sections with 5 µm thicknesses were prepared and stained using H&E. In the end, the slides were observed under light microscope.

Ethics statement
----------------

The experiments were undertaken in complete adherence to the ethical and legal standards specified in the ethical guidelines of Ilam University of Medical Sciences for using laboratory animals. The protocol was also approved by the Ethics committee of this university (IR.MEDILAM. REC.1395.77).

Statistical analysis
--------------------

Statistical analysis of the data was conducted using SPSS version 16. The mean values of variables were presented in the form of mean ± SEM for each group of rats. To do the mean comparisons of quantitative variables at the beginning and end of the intervention, paired samples *t*-test was employed. Two-way ANOVA was utilized to perform intergroup mean comparisons, and Tukey's follow-up test was employed to perform the mean comparisons between two groups. The significance level for all of the tests was set at *P*\<0.05.

Results
=======

Liver histopathology
--------------------

[Figure 1](#f1-dddt-12-3785){ref-type="fig"} demonstrates the histopathological images of liver cross-sections stained with H&E dyes for each of the studied groups. The examinations of the prepared liver cross-sections are indicative of normal tissue structures for the control group rats, for which no signs of inflammation or degeneration in the central venin region and portal space were observed (A1, A2). On the other hand, dose-dependent tissue changes were documented for the groups that had received MET. In these groups, reversible hydropic changes as well as macrovesicular fatty changes were seen. Also, some necrotic changes in hepatocytes were observed for the group that had received MET syrup at a dosage of 5 mg/kg of body weight (B1, B2). The images pertaining to 20 mg/kg dosage are also indicative of single cell necrosis and portal inflammation (C1, C2). Tissue changes in the form of confluent necrosis concomitant with ductular proliferation, prolonged inflammation, and lymphoplasmacytic infiltration in the portal space were clearly visible in the rats that had been administered MET syrup at a dosage of 40 mg/kg of body weight (D1, D2).

Liver enzymes
-------------

The mean values of the hepatic enzymes of the various groups were measured before the beginning of the study. The ANOVA test results indicated that the values of enzymes were almost similar in all the groups and no significant difference was observed between the groups in this regard (*P*\>0.05). [Table 1](#t1-dddt-12-3785){ref-type="table"} summarizes the mean values of the hepatic enzymes after the intervention in the studied groups. The results obtained from the comparison of these values suggest that the values of all three enzymes (ALP, AST and ALT) showed significant enhancement in the groups that had received various dosages of MET in comparison to the control group (*P*\<0.001) ([Table 1](#t1-dddt-12-3785){ref-type="table"}).

The results related to hepatic enzyme measurements before and after the study are presented in [Figure 2](#f2-dddt-12-3785){ref-type="fig"}. As can be seen, the mean serum levels of these enzymes had risen significantly in all the three groups that had been given various dosages of MET (5, 20, and 40 mg/kg) at the end of the study as compared to its beginning (*P*\<0.001). The findings suggested that the highest increase in the serum levels of these enzymes was observed in groups receiving higher dosages of MET, respectively, reflecting the dose-dependent effect of the drug ([Figure 2](#f2-dddt-12-3785){ref-type="fig"}).

Inflammatory indicators
-----------------------

The results of ANOVA test also revealed that the values of all three markers including TNF-α, CRP, and IL-6 had significantly risen in the groups that had been administered MET syrup at doses of 5, 20, and 40 mg/kg of their body weights in contrast to the control group (*P*\<0.01, *P*\<0.001, and *P*\<0.001, respectively) ([Table 2](#t2-dddt-12-3785){ref-type="table"}).

As can be seen in [Figure 3](#f3-dddt-12-3785){ref-type="fig"}, the mean comparison of the inflammatory markers before and after the intervention in different groups indicates that the mean levels of TNF-α, CRP, and IL-6 had not changed significantly at the end of the study in the control group that had only received an ordinary daily dietary regime in comparison to the beginning of the study (*P*\>0.05). However, significant increases were observed for all the three inflammatory markers in the groups that had received MET at 5, 20, and 40 mg/kg of their body weights (*P*\<0.01, *P*\<0.001, and *P*\<0.001, respectively) ([Figure 3](#f3-dddt-12-3785){ref-type="fig"}).

Discussion
==========

Opium dependence is a common problem encountered by various communities, for which maintenance therapy is the method of choice.[@b32-dddt-12-3785] MET is a pure opioid receptor agonist that exerts agonistic effects on Mu and Kappa receptors. It has been frequently studied as the oldest, most important, and most widely applied drug of this group of agonists worldwide.[@b33-dddt-12-3785] Unfortunately, MET administration is known to exhibit unwanted effects as well. Nowadays, it is important to pay attention to and exercise care in administering and using MET due to the expansion of specialized addiction treatment clinics and the widespread use of MET as an agonist in treating drug abuse. The results of the present study indicated that 8 weeks of MET use significantly changed the liver tissue and elevated the amounts of all three hepatic enzymes, ie, ALP, AST and ALT, in the studied rats. In line with the present study, some studies have shown that abnormality in liver performance is an outcome of MET use.[@b34-dddt-12-3785] Also, liver damages have been reported in the individuals who had been taking or misusing heroin, MET, and propoxyphene. Also, different morphological damages were observed in the liver biopsy of the narcotic addicts.[@b35-dddt-12-3785]--[@b37-dddt-12-3785] Unlike these findings, some investigations have not reported considerable effects of MET use on liver. In this regard, Hosseini et al examined the effect of MET on the hepatic enzymes of rats. Their study indicated that 8 weeks of MET use did not yield a significant effect on hepatic enzymes, ALP, AST, and ALT.[@b38-dddt-12-3785] In other studies, researchers have dealt with the effect of MET use on hepatic enzymes of patients undergoing MET treatment. They observed that 24 months of MET use had no significant effect on ALT and AST levels. However, the results showed the significant effect of MET on ALP levels, which might be a sign of cholestatic (stoppage) damage pattern of MET on liver.[@b39-dddt-12-3785] The results of another study on 98 addicts undergoing MET-based treatment indicated that the liver performance remained normal even after a year of treatment by MET.[@b40-dddt-12-3785] The effects of MET use on hepatic toxicity of the patients were also investigated during a 3-year period of treatment by MET in a study conducted by Kreek et al on 129 heroin addicts. The study observed no sign of liver toxicity following MET use in any of the patients.[@b21-dddt-12-3785] The effect of MET therapy on hepatic aminotransferase levels (ALT and AST) was evaluated in a study by McNicholas et al conducted on 175 female addicts during their pregnancy periods. Hepatic enzyme levels were measured once every 4 weeks during pregnancy and once after delivery in the study. The obtained results indicated that MET did not have adverse hepatic effects in treating narcotic-dependent pregnant women.[@b41-dddt-12-3785] One reason for such differences in the results might be the type of the study sample size (human and animal), consumption duration, and the applied dosages.

The results of the present study suggest that MET use causes an increase in the inflammatory factors. In the present research, daily administration of MET yielded in a significant increase in the serum levels of IL-6, CRP, and TNF-α in the studied rats. Previous research has reported that the levels of cytokines, particularly proinflammatory cytokines, showed an increase following narcotics use in the rats.[@b42-dddt-12-3785],[@b43-dddt-12-3785] The performance of the immune system was investigated in addicts undergoing MET treatment in contrast to the control group in a study by Chen et al. They found that the production of proinflammatory factors including IL-1β, IL-6, and IL-8 in the group receiving MET was considerably higher than that of the control group subjects. Consistent with the present study, the mentioned study indicated that the production of various levels of TNF-α and IL-6 is directly associated with MET use duration and dosage.[@b44-dddt-12-3785] These results suggest that the MET consumption dosage and duration can lead to systemic inflammation.

Studies have revealed that immunity responses, such as IL-6 secretion, were enhanced in human and laboratory specimens following narcotics use.[@b45-dddt-12-3785],[@b46-dddt-12-3785] IL-6 production might be instigated via psychological stress in animals, and these cytokines can cause inflammation and neurodegeneration at higher levels.[@b47-dddt-12-3785] No significant difference was observed in the plasma levels of the proinflammatory factors in the study conducted by Zajícová et al for investigating the levels of these factors in heroin addicts as compared to their healthy counterparts.[@b48-dddt-12-3785] The researchers found that TNF-α is one of the central mediators of tissue inflammation whose levels have been found to significantly rise in CNS following tissue damage and degenerative processes.[@b49-dddt-12-3785],[@b50-dddt-12-3785] Some studies have suggested that the levels of plasma cytokines such as TNF-α and IL-8 considerably grow in addicts undergoing MET treatment in contrast to the control group.[@b51-dddt-12-3785] These findings suggested that MET use affects the immune system performance of the consumers and might also cause long-term systemic inflammation.

Liver is the largest gland and one of the most important organs of the body that performs a vast array of actions, including protein synthesis, production of materials required for food digestion, as well as changing, storing, and excreting substances. Detoxification of external compounds, drugs, and poisons is one of the most important roles played by the liver. This raises the chance of damage in response to which hepatic diseases may develop.[@b52-dddt-12-3785],[@b53-dddt-12-3785] Hepatic diseases are considered as the major factors leading to various conditions and death worldwide, and toxicity due to chemicals is the most important factor involved in it.[@b54-dddt-12-3785] Clinical observations have revealed mild to moderate hepatic disorders in long-term MET treatment.[@b55-dddt-12-3785]

Narcotics are capable of changing hepatic metabolism and can alter the toxicity of the other drugs used.[@b56-dddt-12-3785] Narcotics such as propoxyphene, norpropoxyphene, and MET influence the mechanism of action of metabolic intermediates involved in activating or deactivating P-450 cytochrome.[@b57-dddt-12-3785],[@b58-dddt-12-3785] These narcotics might influence the toxicity of other chemicals via enhancing or diminishing the hepatic oxidative metabolism depending on the dosage used, thereby altering the balance between toxic and nontoxic metabolic routes.[@b59-dddt-12-3785] Furthermore, narcotics might even have hepatic toxicity effects and cause disorder in the liver function when used excessively.[@b60-dddt-12-3785] The existence of considerable hepatic damage in rats receiving MET has been amongst the essential findings of the present study. Other studies have also reported hepatic damages and histopathological changes following narcotic use in animals and humans.[@b35-dddt-12-3785],[@b61-dddt-12-3785]--[@b63-dddt-12-3785] The increase in serum transaminase levels and reduction in hepatic glutathione levels have been observed in a large number of the studies that have dealt with the histopathological effects of narcotics.[@b59-dddt-12-3785] Glutathione is a peptide involved in important cell functions such as inactivation of the electrophiles produced during oxidative metabolism.[@b63-dddt-12-3785]--[@b65-dddt-12-3785] Studies have demonstrated that some narcotics reduce hepatic glutathione levels.[@b66-dddt-12-3785] Although glutathione reduction is not per se considered as a criterion of toxicity, the reduction in hepatic glutathione can be a possible sign of hepatic changes resulting from drug abuse.[@b59-dddt-12-3785] That is because glutathione is vital for many hepatocellular functions, and reduction in hepatocellular glutathione is associated with reduced viability and membrane leakage when preparing isolated cells.[@b67-dddt-12-3785]

Researchers have found that the rise in serum levels of transaminase and hepatic damage resulting from misuse of drugs such as acetaminophen and epoxides originate from a reactive electrophilic metabolite. This metabolite is a highly reactive and short-lived metabolite that is attached to the macromolecules in hepatocytes, causing hepatocellular damage and death.[@b68-dddt-12-3785],[@b69-dddt-12-3785] In the majority of cases, the hepatotoxicity effect of narcotics is a result of the metabolites produced by them. Thompson et al indicated that hepatotoxicity following cocaine injection in rats is due to the effects of some metabolites of cocaine rather than the cocaine itself.[@b70-dddt-12-3785] Bioactivation of these compounds to toxic metabolites is a multistage process and is conducted by P-450 cytochrome, resulting in the production of free nitroxyl radicals.[@b71-dddt-12-3785] The hepatic damage might arise from the formation of a covalent bond by these radicals with hepatic proteins.[@b72-dddt-12-3785] MET is mostly metabolized in liver and its metabolism occurs by hepatic microsomal enzymes, especially P450 system. About 10% of the administered MET is excreted unchanged while the rest is metabolized, with its metabolites excreted largely through urine and partly through feces.[@b59-dddt-12-3785] MET metabolism in the liver might be a possible reason for the hepatotoxic effects of this opioid.

Peroxidation of cell membrane lipids, as a result of free radicals, leading to membrane damage has been reported in some studies for a number of chemicals such as carbon tetrachloride, which in turn might cause losses of intracellular cytosolic components followed by elevations in serum transaminase activity and a decline in hepatocellular glutathione.[@b73-dddt-12-3785],[@b74-dddt-12-3785] These incidents can be considered as possible causes of hepatic changes resulting from narcotics use.

In addition, narcotics such as MET cause pulmonary edema and in turn hypoxia, which can eventually exert devastative effects on liver. Some hepatic changes resulting from hypoxia caused by narcotics use have been reported in a study on animals undergoing morphine-based treatment.[@b75-dddt-12-3785] The chronic inflammation and lymphoplasmacytic cell infiltration observed might be an outcome of these cells' response to hypoxia.

MET is used in the treatment of heroin abuse and as a strong analgesic thanks to blocking heroin effects when consumed in higher dosages. However, prolonged administration of MET causes dependency and tolerance, and leads to its abuse. Meanwhile, it is also usually overused for its ecstatic effects.[@b76-dddt-12-3785],[@b77-dddt-12-3785] Numerous cases of MET side effects have been reported in its users. Among them, dizziness, convulsion and weakness, chronic fatigue, bone and joint pain, sleep disorders, digestive disorders, blood pressure fall, pupillary construction, mouth dryness, headache, urinary symptoms, reduction in sexual desire, ecstasy, respiratory problems, sweating and dermal problems, cardiovascular symptoms, and electrocardiogram disorders (QT segment prolongation) can be mentioned as the most common and most persistent side effects of MET use.[@b78-dddt-12-3785]--[@b81-dddt-12-3785] There are numerous studies conducted on MET overdose.[@b82-dddt-12-3785]--[@b84-dddt-12-3785] In a pathological examination of the livers of individuals who had died of MET overdose, positive hepatic pathological findings were observed in 43.9% of them, including hepatocyte degeneration in 2.4%, hepatic steatosis in 9.8%, hepatocyte necrosis in 24.4%, and more than one pathological finding in 7.3%.[@b84-dddt-12-3785] The study by Darke et al on the individuals who had died of MET overdose indicated a hepatic pathology prevalence rate equal to 80.7%.[@b85-dddt-12-3785] The results of the present study also confirmed the occurrence of hepatic damages in MET users.

Conclusion
==========

The increase in the demand and consumption of MET, on the one hand, and lack of sufficient preventive measures, on the other hand, have resulted in a serious threat for the society members. Thus, comprehensive management of the disorders resulting from drug abuse is an indispensable necessity. Since MET is now being administered frequently by the physicians as an agonist for the treatment of drug abuse in specialized addiction treatment clinics, paying attention to and exercising care regarding its side effects are of great importance. Considering the side effects and symptoms thereof, plans should be made in regard to the correct use of this drug. Further, according to the findings of the present study which suggest that liver damages develop mostly in a dosage-dependent manner, it is therefore necessary to moderate and regulate the therapeutic dosages of MET administered to the patients undergoing treatment with it.
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![Histopathological images of H&E-stained liver cross-sections of the rats from various groups.\
**Notes:** A1,2: control group; B1,2: 5 mg/kg methadone; C1,2: 20 mg/kg methadone; D1,2: 40 mg/kg methadone. Left-side figures (**A1**, **B1**, **C1**, and **D1**) represent the central veins (CV) of different groups; the right-side figures (**A2**, **B2**, **C2**, and **D2**) show portal spaces of different groups. Arrows: A1: central vein, B1: macrovesicular fatty change, B2: plasma cell, C1: single cell necrosis. High magnification, B2: plasma cell, C2 and D2: inflammation of portal spaces, D1: confluent necrosis. Scale bar: 50 µm.](dddt-12-3785Fig1){#f1-dddt-12-3785}

![Comparison of the mean serum concentration of liver enzymes (ALP, AST, and ALT) in different groups before and after receiving methadone (5, 20, and 40 mg/kg).\
**Notes:** *P*-values for comparisons between the mean rates at the beginning and end of study for different groups are as follows: a=*P*\>0.05; b, c, and d=*P*\<0.001.\
**Abbreviations:** ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase.](dddt-12-3785Fig2){#f2-dddt-12-3785}

![Comparison of the mean serum concentration of inflammatory indicators (TNF-α, CRP, and IL-6) in different groups before and after receiving methadone (5, 20, and 40 mg/kg).\
**Notes:** *P*-values for comparisons between the mean rates at the beginning and end of study for different groups are as follows: a=*P*\>0.05; b, c, and d=*P*\<0.001.\
**Abbreviations:** CRP, C-reactive protein; IL-6, interleukin-6; TNF-α, tumor necrosis factor-alpha.](dddt-12-3785Fig3){#f3-dddt-12-3785}

###### 

Comparison of the mean serum concentration of liver enzymes (ALP, AST, and ALT) in the methadone-receiving groups (with dosages of 5, 20, and 40 mg/kg) with control group at the end of the study

  Liver enzymes   Group 1 (control)   Group 2 (MET 5 mg/kg)   Group 3 (MET 20 mg/kg)   Group 4 (MET 40 mg/kg)   *P*-value (*P*\<0.05)
  --------------- ------------------- ----------------------- ------------------------ ------------------------ -----------------------
  ALP (mg/dL)     168.28±9.86         246.42±5.79^\*\*\*^     276.14±6.12^\*\*\*^      352.85±7.12^\*\*\*^      vs control
  AST (mg/dL)     122.00±11.21        154.57±11.02^\*^        227.57±12.36^\*\*\*^     237.85±14.91^\*^         vs control
  ALT (mg/dL)     67.28±4.64          107.14±3.53^\*^         129.28±3.54^\*\*\*^      135.85±5.08^\*^          vs control

**Notes:** Data are presented based on mean ± SD. The mean difference is significant at the 0.05 level (^\*^*P*\<0.05, ^\*\*\*^*P*\<0.001).

**Abbreviations:** ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; MET, methadone.

###### 

Comparison of the mean serum concentration of inflammatory factors (TNF-α, CRP, and IL-6) in the methadone-receiving groups (with dosages of 5, 20, and 40 mg/kg) with control group at the end of the study

  Inflammatory factors   Group 1 (control)   Group 2 (MET 5 mg/kg)   Group 3 (MET 20 mg/kg)   Group 4 (MET 40 mg/kg)   *P*-value (*P*\<0.05)
  ---------------------- ------------------- ----------------------- ------------------------ ------------------------ -----------------------
  TNF-α (pg/mL)          10.96±0.18          11.96±0.20^\*\*^        15.88±0.23^\*\*\*^       17.52±0.19^\*\*\*^       vs control
  CRP (ng/mL)            1.87±0.06           2.23±0.09^\*\*^         2.31±0.12^\*\*\*^        2.89±0.12^\*\*\*^        vs control
  IL-6 (ng/L)            3.03±0.05           3.19±0.12^\*\*^         3.79±0.16^\*\*\*^        3.83±0.18^\*\*\*^        vs control

**Notes:** Data are presented based on mean ± SD. The mean difference is significant at the 0.05 level (^\*\*^*P*\<0.01, ^\*\*\*^*P*\<0.001).

**Abbreviations:** CRP, C-reactive protein; IL-6, interleukin-6; MET, methadone; TNF-α, tumor necrosis factor-alpha.
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